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Advisor: Adam J. Liska 
Concerns about climate change and the increasing cost of fossil fuels have 
led to interest in the development of renewable biofuel pathways for reducing 
greenhouse gas (GHG) emissions. The use of corn residue as a potential source of 
biomass feedstock for cellulosic ethanol production has been favored as cost 
effective. Previous research has shown that crop residue removal can cause a loss 
of soil organic carbon (SOC), which potentially is a source of GHG emissions in 
the form of CO2. Using a life cycle assessment (LCA) approach, this study 
investigated the impact of corn residue removal on total GHG emissions for 
several biochemical conversion technologies at two different removal rates (50% 
& 90%). An inventory of total emissions from energy use in crop production and 
residue harvest was used with micrometeorological measurements and biomass 
processing data to determine the total life cycle GHG emissions for cellulosic 
ethanol. Due to hail damage of the crop in 2010, a modeling approach was used 
to estimate CO2 fluxes for both removal levels based on 9 years of previous eddy 
covariance flux data for continuous corn. Model prediction on average was 
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within 7% of both the measured change in SOC and the measured CO2 flux from 
soil using the eddy covariance tower. The average GHG intensity based on five 
years of change in SOC with the combination of field measurements and the 
different conversion technologies was 53 g CO2 MJ-1 (45% reduction compared to 
gasoline) for 50% removal, and 57 g CO2 MJ-1 (40% reduction compared to 
gasoline) for 90% removal. Emissions of CO2 associated with change in SOC as a 
result of residue removal were demonstrated to be a large and important 
contribution to the overall GHG emission intensity of cellulosic ethanol. 
Compared to gasoline, the assessment results indicate that none of the 
conversion technologies would meet the 60% GHG emission reduction required 
for cellulosic ethanol from corn residue, unless soil carbon is better managed.   
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Chapter 1. Agricultural Systems for Biomass Production 
1.1 Introduction 
Global warming as a consequence of a rapid rise in anthropogenic greenhouse 
gas (GHG) emissions, including carbon dioxide (CO2), has received increasing 
attention (IPCC 2007). The Earth System Research Laboratory from the National 
Oceanic & Atmospheric Administration reports that atmospheric CO2 
concentrations have increased from 270 ppm in 1700 to 393 ppm in 2012 as a 
result of changes to the global carbon cycle (Tans, 2012). On a global scale, soil 
respiration in terrestrial ecosystems has been estimated to emit 58 Pg C yr-1, but 
these emissions are offset by plant photosynthesis which transfers roughly 59 Pg 
C yr-1 from the atmosphere to soils (Houghton, 2007). In comparison, burning of 
fossil fuels contributes ~6.3 Pg C yr-1 to the atmosphere, where an addition of ~2 
PgC per year increases atmospheric CO2 by ~1 ppm per year (Houghton, 2007). 
Thus, soil respiration is one of the major flux pathways in the global carbon cycle 
that could either mitigate atmospheric CO2 emissions via increased carbon 
sequestration, or exacerbate global warming by accelerated release of CO2 from 
soil.  
Soil respiration is the process where organic compounds are oxidized to 
CO2 and released from soils (Raich and Schlesinger, 1992). Respiration can be 
divided into autotrophic and heterotrophic components, which include roots 
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(live plant material) and litter (dead plant material), respectively, and the 
heterotrophic component also includes oxidation of soil organic matter (Kutsch 
et al. 2009). The autotrophic component consists of respiration from the roots and 
mycorrhizae, which feed into the heterotrophic litter pools containing dead 
organic materials. Soil organic matter (SOM) is defined as “the plant and animal 
remains at different stages of decomposition and the substances derived from the 
biological activity of the soil-living population” (Rodeghiero et al. 2009); SOM is 
comprised of ~50-60% of soil organic carbon (SOC) (Rodeghiero et al. 2009), but 
currently the standard conversion is 50% (Pribyl, 2010). The biological activity of 
soil microorganisms is responsible for the action of litter decomposition, where 
litter and the resulting humus are broken down into smaller particles. It is also 
during this process that organic molecules are mineralized, resulting in loss of 
soil carbon via respiration and the release of CO2 gas. The rate of CO2 production 
in the soil is controlled by factors such as temperature, soil moisture, net 
ecosystem productivity (NPP) and land use (Rustad et al. 2000). According to a 
hypothesis proposed by Kirschbaum (1995, 2000), the effect of temperature on 
the decomposition of SOM is more pronounced than NPP. This suggests that 
increasing temperature as a result of global warming would lead to a greater 
transfer of SOC from the soil, which increases atmospheric CO2 concentrations 
through accelerated decomposition of SOM (Conant et al. 2011, Davidson and 
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Janssens 2006). In this process however, soil carbon loss may be offset by the 
greater availability of soil nitrogen stimulated by increased SOM decomposition, 
which could potentially increase carbon inputs into the soil in the form of litter 
(Kirschbaum, 2000).  
Because SOC can be lost via the process of soil respiration, the 
management of SOC levels is especially important in maintaining soil fertility 
and minimizing negative environmental impact. Reicosky et al. (1995) reviewed 
the agricultural impact of biomass production and harvest on SOC, and 
concluded that SOC was controlled by crop residue input, biological oxidation 
rates, and soil erosion. Crop residue is found to contain many essential elements 
such as carbon (C), nitrogen (N) and phosphorus (p) that is returned to the soil 
after harvest and is important for sustaining crop productivity. Cultivation of 
native grasslands in the central U.S. has already caused the depletion of SOC by 
as much as 20-50% over the past 100 years (Mann, 1986). Wilhelm et al. (2007) 
also suggested that an excessive removal of crop residue may affect SOC, soil 
physical quality and soil water storage. The potential decline of SOC associated 
with residue removal raises environmental concerns that require a better 
understanding of the land management effects on soil carbon dynamics 
(Wilhelm et al. 2007). While multiple studies have documented SOC loss under 
potential biofuel crops when crop residue is removed (Anderson-Teixeira, 2009), 
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the results are highly variable and subjected to controversy because it is difficult 
to detect statistically significant changes in SOC in less than 5-10 years via soil 
sampling (Rodeghiero et al. 2009, p. 58).  
In recent years, concerns about climate change and the increasing cost of 
fossil fuels have led to findings on renewable pathways such as biofuels for 
reducing GHG emissions. In the United States, there are additional concerns 
about the security of supply as the nation imports ~55% of its consumption of 
crude oil (National Research Council, 2011). Currently, mainly grain crops are 
being utilized for biofuel production, with 49 billion liters of ethanol from corn 
grain produced in the U.S. in 2010 (Renewable Fuels Association, 2011). 
However, because the use of corn grain for biofuel production could potentially 
drive up food prices (Scharlemann and Laurance, 2008; Swinnen and 
Squicciarini, 2012), interests have been developed on the use of corn residue as a 
potential source of biomass feedstock for cellulosic ethanol production due to its 
relatively inexpensive price and abundance (Graham et al. 2007, Perlack et al. 
2005). The Energy Independence and Security Act (EISA) currently mandates 16 
billion gallons of cellulosic ethanol to be produced per year by 2022. While 
producing biofuels is important, the impacts of residue harvest on changes in 
SOC must also be examined because the EISA legislation also requires that 
cellulosic ethanol must reduce GHG emissions by >60% compared to gasoline (95 
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g CO2e MJ-1, CARBOB) (CARB, 2009). Currently, no commercial-scale 
biorefineries (e.g. >5 million gallons per year) exist in the United States for the 
conversion of lignocellulosic biomass to fuels (National Research Council, 2011; 
Service, 2010).  
 
1.2 Soil Carbon Change from Residue Harvest: Previous Studies  
To provide an introductory investigation of the impact of residue removal on 
SOC dynamics in corn grain systems, a summary of the available published 
research from near complete residue removal experiments in major U.S. Corn 
Belt states is presented (Table 1). Studies with complete removal of aboveground 
biomass were selected because this is the practice where most data was available 
in the Corn Belt, and is the most economical way to remove residue per ton of 
biomass. The SOC content is expressed annually on an area basis (i.e. mass of 
carbon per hectare per year; Mg C ha-1 yr-1), and reported for the top 30 cm of soil 
depth primarily, although depths of 15, 60 and 100 cm are also commonly used. 
All studies summarized were under continuous corn with either no tillage or 
conventional tillage practices. For studies located in Minnesota (13-yr and 29-yr 
durations) and Ohio (4-yr) where residue was removed on slopes less than 2%, 
an average absolute SOC loss of 0.81 Mg C ha-1 yr-1 relative to initial SOC level 
was measured, and an average relative SOC loss of 1.00 Mg C ha-1 yr-1 compared 
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to a paired experiment with no residue removal (Clapp et al. 2000, Wilts et al. 
2004, Blanco and Lal 2009). A previous summary of studies found a similar result 
(Anderson-Teixeira, 2009). Because of more gentle slopes, these SOC losses were 
likely primarily due to soil respiration and less likely due to soil erosion. In 
Wisconsin (10-yr) and Ohio (4-yr) where slopes exceeded 10%, an average 
relative SOC loss of 3.65 Mg C ha-1 yr-1 was found after residue removal (Karlen 
et al. 1994, Blanco and Lal 2009). This is more than three times the SOC loss 
compared to experiments that occurred on more flat topography. This suggests 
that SOC loss from these latter experiments is most likely caused by soil erosion 
as a result of highly sloped landscapes and less residue to hold the soil in place. 
These results suggest that intensive removal of corn residue may adversely affect 
SOC content, which would lead to increased oxidative losses and emission of 
CO2 to the atmosphere. 
 
 
 
 
 
 
 
16 
 
 
Table 1. Previously published results on average SOC loss from residue removal 
experiments in major U.S. Corn Belt states.  
All experiments reported nearly 100% removal.  
CC = continuous corn, NT = no tillage, CT = conventional tillage including moldboard, 
chisel. *Measured from 0-20 cm and no net change in SOC from 10-20 cm—thus zero net 
change was assumed from 20-30cm. 
Absolute SOC loss relative to initial SOC, Relative loss was compared to a non-residue 
removal control. 
 
 
1.3 Corn Residue Removal Experiment at Mead 
1.3.1 Project Objectives 
This is a 3-year project (2010-2013) that seeks to better characterize GHG 
emissions from the cropping system for corn production. This research is being 
conducted in two production size (~50 ha) fields (Site 1: 41°09′54.2′′N, 
96°28′35.9′′W, 361 m and Site 2: 41°09′53.5′′N, 96°28′12.3′′W, 362 m) of irrigated 
Study Location 
Depth, 
cm 
Rotation-
Tillage Years Year n 
Absolute 
Mg C ha-1 
yr-1 
Relative 
Mg C ha-
1 yr-1 Slope 
Karlen et 
al. 1994 WI 30 CC-NT 1981-90 10 2 - -3.73 
10-
13% 
Blanco 
and Lal, 
2009 OH 20* CC-NT 2004-07 4 2 - -3.58 10% 
Average               -3.65   
Blanco 
and Lal, 
2009 OH 20* CC-NT 2004-07 4 4 - -1.89 
<1-
2% 
Clapp et 
al. 2000 MN 30 CC-NT/CT 1980-93 13 12 -0.88 -0.96 <1% 
Wilts et 
al. 2004 MN 30 CC-CT 1965-95 29 4 -0.73 -0.25 <2% 
Average     -0.81 -1.00 
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corn at the University of Nebraska Agricultural Research and Development 
Center at Mead, Nebraska. Grain is harvested in both fields. Residue is then 
removed from Site 2, but not removed from Site 1 (control).  Both sites are 
subjected to conservation tillage.  
The objectives of this study are: 1) determine the change in field-level life 
cycle GHG emissions from corn residue removal (Chapter 1); 2) review cellulosic 
ethanol production technology to determine energy use and yields in the 
production processes, and the use of co-products (Chapter 2); and 3) combine 
field-level emissions and process data to complete the life cycle assessment 
(LCA) of total GHG emissions for cellulosic ethanol production from corn 
residue (Chapter 3). This information will determine whether this type of second 
generation biofuel system is in compliance with the GHG emissions standards 
specified in the Energy Independence and Security Act (EISA) of 2007. The 
federal law requires a 60% reduction in the life cycle GHG emissions from 
cellulosic ethanol produced from biomass compared to gasoline.  
This project began on September 1, 2010. In both fields, measurements are 
made of CO2, N2O, and CH4 fluxes, and other supporting data. No measurement 
of CO2 was reported for 2010 because of hailstorm damage to the crops in 
September, which resulted earlier residue removal. Following the 2011 grain 
harvest, residue was removed from Site 2 but not from Site 1. Fossil fuel data 
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from agricultural inputs and energy use in corn production and residue harvest 
for Sites 1 and 2 from 2010 and 2011 are combined with the meteorological field-
level measurements of GHG emissions in 2011 to determine emissions per ton of 
biomass.  
1.3.2 Monitoring and Measurement of CO2 Flux 
In both fields, annual measurements of landscape-level fluxes of CO2 are made 
using the tower eddy covariance systems (Drs. Shashi Verma and Andrew 
Suyker, School of Natural Resources) (Verma et al. 2005, Figure 1). Based on the 
continuous daytime and nocturnal eddy covariance measurements of 
atmospheric CO2 fluxes, daily values of net ecosystem CO2 exchange (NEE) are 
calculated by the difference in gross primary production (downward flux) and 
ecosystem respiration (upward flux) (NEE = GPP - R). Changes in SOC measured 
for Sites 1 and 2 are reported in g C m-2 yr-1. 
Measurements from 2010 and 2011 were not used in the study due to the 
hail storm, which left grain on the ground and did not allow us to selectively 
detect the change in CO2 emission from the result of residue removal alone. We 
validated a SOC-CO2 model using data from 2001-2010 based on previous 
measurements to include CO2 flux estimates in the LCA (Sections 1.3.5, 3.2).  
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Figure 1. CO2 flux measured by the eddy covariance tower at Site 2.  
 
 
1.3.3 Monitoring and Measurement of N2O and CH4 Fluxes 
Soil surface trace gas fluxes of N2O and CH4 are monitored and measured by 
static chambers (Figure 2) at six intensive measurement zones in multiple 
replications at each of the two study sites (Site 1-residue returned, Site 2-residue 
removed) (Dr. Tim Arkebauer, Department of Agronomy & Horticulture). Gas 
samples are analyzed on a gas chromatograph to obtain N2O and CH4 
concentrations.  
Corn residue removal resulted in a measured net CH4 absorption at Site 2 
compared to Site 1, at roughly 47 kg CO2e ha-1 in 2011 (Table 2). CH4 fluxes 
averaged 0 g CH4-C ha-1 d-1 (standard error = 4.7 g CH4-C ha-1 d-1) at Site 1 and -
3.9 g CH4-C ha-1 d-1 (standard error = 5.8 g CH4-C ha-1 d-1) at Site 2. A negative 
value indicates a flux from the atmosphere towards the surface; e.g., soil uptake.  
20 
 
Field-level measurements of N2O emissions for both Sites 1 and 2 were 
made (Table 3). Because crop residue is a source of emissions from the 
decomposition of protein nitrogen, residue removal should reduce these N2O 
emissions. The N2O emission savings from residue removal then becomes an 
emission credit for the total GHG emissions associated with cellulosic ethanol 
production. To compare with the observed N2O emissions measured from the 
field, theoretical N2O emissions in kg CO2e ha-1 yr-1 were also estimated using 
emission factors derived from IPCC (Liska et al. 2009, IPCC 2006) and the N-
surplus method (Van Groenigen et al. 2010, Grassini and Cassman, 2012). The 
IPCC method accounts for agricultural sources of N2O emissions from fertilizer 
application, crop residue, volatilization, leaching and runoff by using default 
values for these source-specific emission factors (IPCC 2006).  
Although the IPCC method is often used in LCA (Liska et al. 2009, see also 
Table 14), the N-surplus method has recently been shown to more accurately 
approximate field-level N2O emissions (Van Groenigen et al. 2010). The N-
surplus method estimates N2O emissions from surplus N as the difference 
between N input from fertilizer and N accumulated in aboveground biomass 
using empirical equations for estimating aboveground N uptake. By assuming 
63% of N fertilizer applied is absorbed by the crop based on previous studies of 
irrigated corn systems across Nebraska (Wortmann et al. 2011), the resulting N-
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surplus estimations more closely approximate the measured emissions from the 
field compared to IPCC estimates (Table 3). Thus, the difference in N2O 
emissions is better explained using the N-surplus method which recognizes the 
exponential increase in N2O emissions as the result of increasing N application 
rates; see the differential N application rates for Site 1 and 2 (Table 3). 
Furthermore, the difference in emissions is less likely to be primarily due to 
residue removal.  
Unfortunately, the N-surplus method cannot isolate the emission 
contribution from residue removal, and thus the IPCC method is the most 
appropriate method to be used. Using the IPCC equations, the difference in N2O 
emissions from residue removal between sites 1 and 2 was 180 kg CO2e ha-1, and 
this value was applied to the LCA (section 3.2). 
 
Figure 2. N2O and CH4 fluxes are measured by static chambers in Sites 1 and 2.   
A. Aluminum chamber base   B. Static chamber       C. Static chamber 
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Table 2. Net CH4 emissions for corn residue production in 2011; difference 
between Site 1 and Site 2.   
 
GHG emissions, measured calendar year    
CH4 flux, g CH4-C ha-1 d-1 -3.9 
CH4 flux, kg CH4-C ha-1 yr-1 -1.4 
CH4 flux*, kg CO2e ha-1 yr-1   -47 
*kg CH4-C is multiplied by 16/12 and 25, due to the relative 100-yr global warming 
potential of CO2 on kg basis (IPCC 2006, Liska et al. 2009).   
 
Table 3. Emissions of N2O for corn residue and fertilizer in 2011.  
  Site 1 Site 2 
  (0% removed) (57% removed) 
1Biomass yields, removal levels, fossil fuel inputs   
Biomass yield, dm, 2011, Mg ha-1  10.7 11.2 
Grain yield, Mg ha-1, 15.5% moisture 12.0 12.5 
Harvested residue, Mg ha-1  0 6.4 
N input (application rate 2011), kg N ha-1 284 248 
1Field measured GHG emissions    
N2O flux, g N2O-N ha-1 d-1 33.3 14.3 
N2O flux, kg N2O-N ha-1 yr-1 12 5 
N2O flux, kg CO2e ha-1 yr-1 5,692 2,444 
Estimated theoretical GHG emissions     
2N-surplus method, assuming 63% N uptake     
Aboveground dry matter (ADM), kg ha-1 21,400 22,400 
N-accumulated in aboveground biomass, kg 
N ha-1 
179 156 
N surplus, kg N ha-1 105 92 
N2O emissions, kg N2O-N ha-1 10 6 
*N2O flux, kg CO2e ha-1 4,538 2,824 
3IPCC    
N applied, N2O-N kg ha-1 2.84 2.48 
Crop residue**, N2O-N kg ha-1 0.81 0.56 
Volatilization, N2O-N kg ha-1 0.28 0.25 
leaching/runoff, N2O-N kg ha-1 0.64 0.56 
Total N2O emissions, kg N2O-N ha-1 4.57 3.84 
N2O flux, kg N2O ha-1 7.18 6.04 
N2O flux, kg CO2e ha-1 2,140 1,800 
1. Data are provided by Dr. Andrew Suyker and Mr. Mark Schroeder 
2. Calculations are based on empirical equations from Van Groenigen et al. 2010. 
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3. Calculations are based on IPCC emission factors from Liska et al. 2009.  
*To calculate N2O flux using the N-surplus method: N2O emissions = 1.44 + 0.081 x e(0.044 x 
N-surplus). 
**To calculate N2O emissions from crop residue in Site 2 using IPCC values: (6.4 Mg ha-
1)*1000*0.006*0.01*44/28*298 = 180 kg CO2e ha-1, due to the relative 100-yr global 
warming potential of CO2 on kg basis (IPCC 2006, Liska et al. 2009). 
 
 
 
 
1.3.4 Fossil Fuel GHG Emissions 
This LCA attempts to quantify all GHG emissions from crop residue production 
in Sites 1 and 2 in the units of kilogram of carbon dioxide equivalent per unit of 
biomass harvested (kg CO2e Mg-1). Relevant GHG emissions include: 1) fossil 
fuel emissions used in crop production and residue harvest, and 2) changes in 
GHG fluxes (CO2, N2O and CH4) as a result of residue removal estimated from 
modeling and field measurements. N2O emissions estimated from IPCC based on 
9 years of previous biomass yields from Site 1 and field-measured CH4 fluxes 
from 2011 are combined with fossil fuel emissions from 2010 (~56% residue 
removal) and 2011 (~57% residue removal).  
The energy use associated with crop production and residue harvest from 
Sites 1 and 2 was determined using the Biofuel Energy Systems Simulator (BESS) 
model (Liska et al. 2009), which calculates energy yield and its subsequent life 
cycle GHG emissions attributed by agricultural inputs and fossil fuel use from 
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field management practices. The model assumes standard energy intensity 
values (MJ kg-1) for parameters such as nitrogen, herbicide and seed application 
rates, and converts them into their equivalent energy input values (MJ ha-1) and 
GHG emissions (kg CO2e ha-1). In both sites, nitrogen applications comprised 
more than 60% of the total energy use for corn residue production (Tables 4 & 5). 
Diesel combustion from residue harvest was only 3% of total energy consumed 
in Site 2. Using the BESS model, the GHG emissions associated with residue 
removal from Site 2 for 2010 and 2011 were found to be 283 kg CO2e Mg-1 and 244  
kg CO2e Mg-1. 
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Table 4. Agricultural inputs and energy use (fossil fuel) for corn residue 
production in 2010. 
  Site 1 
Energy 
MJ ha-1 
Energy 
use, %  Site 2 
Energy 
MJ ha-1 
Energy 
use, %  
(1) Agricultural inputs             
Nitrogen, kg N ha-1 284 12,780 66 248 11,160 62 
Herbicide, kg ha-1 3.1 1,104 6 3.6 1,282 7 
Seed, kg ha-1 22.7 220 1 22.9 222 1 
(2) Agricultural energy use       
Diesel, L ha-1       
tillage 24.9 1,069 6 0 0 0 
plant/fertilize 8.5 365 2 7.9 339 2 
grain harvest 13.4 576 3 19.2 824 5 
residue harvest 0 0 0 12.0 515 3 
Total 46.8 2,010 10 39.1 1,679 9 
Electricity, kWh ha-1     
irrigation 311.1 2,908 15 230.7 2,158 12 
grain drying 33.1 310 2 160.2 1,498 8 
Total 344.2 3,218 17 391 3,656 20 
Total energy use 19,332 100 232 17,999  100 
(3) Biomass yields and removal levels         
Biomass yield*, Mg ha-1  7.4     7.5     
Harvested residue*, Mg ha-
1     0 (0% biomass removed) 4.2 (56% biomass) 
Energy use per biomass, MJ  
Mg-1         4,285   
Greenhouse gas, kg CO2e 
Mg-1       283   
1, 2 & 3 Agricultural inputs are provided by Mr. Mark Schroeder from ARDC; energy 
use for corn production is estimated using BESS model. 
*Dry matter, non-grain, aboveground. 
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Table 5. Agricultural inputs and energy use (fossil fuel) for corn residue 
production in 2011. 
  Site 1 
Energy 
MJ ha-1 
Energy 
use, %  Site 2 
Energy 
MJ ha-1 
Energy 
use, %  
(1) Agricultural inputs             
Nitrogen, kg N ha-1 284 12,780 53 248 11,160 49 
Herbicide, kg ha-1 3.1 1,104 5 3.6 1,282 6 
Seed, kg ha-1 22.7 220 1 23.0 223 1 
(2) Agricultural energy use       
Diesel, L ha-1       
tillage 24.2 1,039 4 28.1 1,210 5 
plant/fertilize 10.9 469 2 8.0 342 2 
grain harvest 29.9 1,283 5 30.4 1,308 6 
residue harvest 0 0 0 10.7 459 2 
Total 65.0 2,792 12 77.3 3,320 15 
Electricity, kWh ha-1     
irrigation 290.3 2,714 11 235.5 2,202 10 
grain drying 487.0 4554 19 483.9 4,525 20 
Total 777.3 7,268 30 719.4 6,727 30 
Total energy 
use 24,164 100 22,712  100 
(3) Biomass yields and removal levels         
Biomass yield*, Mg ha-1  10.7     11.2     
Harvested residue*, Mg 
ha-1     0 (0% biomass removed) 6.4 (57% biomass) 
Energy use per biomass, MJ 
Mg-1         3,525   
Greenhouse gas, kg CO2e 
Mg-1       244   
1, 2 & 3 Agricultural inputs are provided by Mr. Mark Schroeder from ARDC; energy 
use for corn production is estimated using BESS model. 
*Dry matter, non-grain, aboveground. 
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1.3.5 Model Estimation of SOC change and CO2 Flux from Residue Removal  
1.3.5.1 Model Validation 
Due to disruption of the field experiments from the hail storm in 2010, a 
modeling approach was used to estimate change in SOC and resulting CO2 flux 
based on 9 years of previous eddy covariance flux data for continuous corn at 
Site 1.  
One of the simplest models for explaining SOC dynamics states that the 
change in SOC is equal to the quantity of the initial C pool (C0) times a negative 
rate constant (-k1) to account for oxidative loss of SOC to CO2, plus C inputs from 
new plant substrates (C1) at a specified rate (k2) (Paustian et al. 1997; Yang & 
Janssen 2000; Yang & Janssen 2002; Wilhelm et al.  2004; Bayer et al. 2006; 
Setiyano et al. 2011), as shown (here, t is an annual interval):  
   
dC
dt = −k1C0	 + 		k2C1 
 
In cultivated fields, a large fraction of aboveground biomass is removed 
from the field via harvest, which reduces C1 and has tended to reduce dC/dt, 
irrespective of soil erosion. When residue is also removed, C1 is further reduced, 
potentially making dC/dt negative. Where C1 is zero in equation [1], dC/dt is 
negative because C loss of the initial pool (-k1C0) dominates the change in SOC.  
[1] 
28 
 
The model of SOC dynamics used here was developed from the controlled 
incubation of soils and crop residues (Yang & Janssen 2000; Yang & Janssen 
2002). The resulting SOC model accounts for the oxidation rate of SOC to CO2. 
This model was developed from the integral of the first term of equation [1], 
shown in equation [2]; the second term for crop inputs in equation [1] is 
disregarded, as crop inputs are treated with a repetition of the first term, as a 
second oxidizing pool of carbon.  
This integral equation can be used in a more developed form, equation [3], 
which includes parameters for daily temperature (Ta, daily average; Tr, reference; 
Q10, doubling of reaction rate per 10°C) and an exponential term (1-S) to reduce 
k1 over time (form [3] of the model was developed by Matthew P. Pelton in the 
Department of Biological Systems Engineering in 2011 by the modification of 
previous models by Dr. Haishun Yang). In equation [3], k1 becomes ks and kr:  
 
Ct = C0		· 	eି୩ଵ		·	୲ 
 
Ct = C0	 · e
ି୩ୱ	·	ቆஊ୕ଵ଴
౐౗ష	౐౨భబ ·	୲ቇ
భష౏౩
		 + C1	· e
ି୩୰	·	ቆஊ୕ଵ଴
౐౗ష	౐౨భబ ·	୲ቇ
భష౏౨
		 … 
 
[2] 
[3] 
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Equation [2] above is modified to equation [3] with the addition of a few 
constant coefficients to more accurately estimate the change in SOC on a daily 
basis (Ct = Mg C ha-1). The Q10 coefficient is 2 (Davidson & Janssens 2006), and 
the reference temperature (Tr) is 10°C (Yang & Janssen 2000; Yang & Janssen 
2002). The k and S values in equation [3] have been previously calibrated for 
oxidation of corn residue and soil organic matter, and tested against soils from 14 
countries from around the world (Yang & Janssen 2000; Yang & Janssen 2002). 
Based on 673 data points from 136 soil experiments, the difference between 
model predicted Ct and observed Ct were within ±3% for 96% of the 
comparisons; 70% of comparisons were within ±1% (Yang & Janssen 2000).  
The k values for soil organic matter (ks) and corn residue (kr) are 0.0024 
and 0.149, respectively, based on previous analysis of data from incubation 
experiments on material decomposition; the S values for soil organic matter (Ss) 
and corn residue (Sr) are 0.462 and 0.66, respectively (Yang & Janssen 2000; Yang 
& Janssen 2002). Higher K and S values correspond to higher oxidation rates of 
the organic materials to CO2, and thus higher degeneration rates (Figure 4). After 
the first year, nearly 70% of corn residue has oxidized to CO2 while only 5% of 
soil organic carbon has been converted. 
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Figure 3. Modeled oxidation of soil organic carbon and corn residue based on 
equation [3] and measured temperature values from Site 1 from 2001-2009. 
 
The model was tested against 9 years of previous data from the intensive 
study of limited tillage irrigated continuous corn in Mead, Nebraska without 
residue removal (Figure 5). To estimate CO2 emission from SOC oxidation at this 
site, equation [4] was used with daily maximum and minimum temperature data 
collected at the site, measured C0 and CI values (provided by Drs. Dan T. Walters 
and Andrew Suyker), and laboratory defined parameters (k and S). Equation [4] 
simply determines the amount of C lost from the system over time: 
 
CO2⁻Ct = (C0 − C0	 · e
ି୩ୱ	·	ቆஊ୕ଵ଴
౐౗ష	౐౨భబ ·	୲ቇ
భష౏౩
		) + (C1 − 	C1	· e
ି୩୰	·	ቆஊ୕ଵ଴
౐౗ష	౐౨భబ ·	୲ቇ
భష౏౨
		) … 
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The eddy covariance measured CO2 flux from soil and residue was 
derived from total CO2 flux measurements by subtracting crop CO2 respiration 
(Figure 4), where the latter was derived from the difference in C fixation in 
biomass and GPP (Table 6) (Biscoe et al. 1975). These gas measurements do not 
represent emissions from only the top 30 cm of soil but account for CO2 flux from 
the entire soil profile depth, and net ecosystem emissions from this system also 
accounts for C in removed grain and from irrigation water releases. Thus, it is 
expected that modeling of CO2 emissions from the top 30 cm (Figure 5) would 
underestimate measured flux emissions, as found here. Over the nine year 
period, model prediction on average was 7% lower than the soil-derived CO2 
flux using the eddy covariance tower (Figure 6). 
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Figure 4. Schematic of derivation of soil and residue CO2 flux (g C m-2) from 
measured averages from previous 9 years (2001-May 2010) at site 1, with no 
residue removal. 
 
To further test the robustness of the model, simulations for the change in 
SOC over the first four years (2001-2005) from the same site was validated 
against actual SOM field measurements for these years (Prof. Daniel T. Walters). 
The initial SOC measured in 2001 for Site 1 was 69.38 Mg C ha-1, and the final 
SOC measured in 2005 was 66.18 Mg C ha-1, with a change in SOC of 3.20 Mg C 
ha-1. Over the same years, the model predicted a final SOC of 65.98 Mg C ha-1, 
with a change in SOC of 3.40 Mg C ha-1. The difference between the measured 
and estimated change in SOC is <6%. These results indicate that this simple 
model can predict SOC dynamics and loss to CO2 with a relatively high accuracy 
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in continuous corn systems based on only initial SOC, C inputs, and daily 
temperature.  
1.3.5.2 Modeled SOC Oxidation to CO2 from Residue Removal 
Based on equations [3] and [4], simulations of oxidation of SOC for 50% and 90% 
residue removal over nine years were investigated because they represent 
general producer practices (Figure 7 & 8). At the higher removal rate, a greater 
net emission of CO2 into the atmosphere was observed as less biomass is 
available for maintaining SOC. The change in SOC-C from soil compared to a 
control (0% removal) averaged at 0.77 Mg C ha-1 yr-1 for 90% removal, compared 
to 0.43 Mg C ha-1 yr-1 for 50% removal (Table 7). Based on an initial SOC of 69.38 
Mg C ha-1 in 2001 for Site 1, the average net SOC-C loss from 50% and 90% 
removal were 1.3% and 1.8% of initial SOC, respectively.  
As the majority of soil carbon is stored in the top 30 cm, in less than 5-10 
years soil sampling is generally unable to detect relatively small changes in a 
large initial stock of SOC from residue removal (Rodeghiero et al. 2009, p. 57-58). 
Alternatively, soil carbon modeling helps to detect and explain biological 
processes that are responsible for the relatively small changes in SOC that likely 
contribute relatively large CO2 emissions associated with biofuels on an annual 
basis.  
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Modeled change in SOC-C per year showed a rapid loss in SOC over the 
first five years for both 50% and 90% removal, and almost no net change on the 
sixth year (Figures 9 & 10). Yet, when change in SOC-C is averaged over multiple 
years, a longer time period for making the average reduces the average annual 
loss for both 50% and 90% removal (e.g. the 9-year average is roughly half the 1-
yr average loss). As regulators are most concerned with short-term GHG 
emissions, data on SOC loss during the first five years more accurately reflects 
the production scenario for cellulosic ethanol in near-term industrial 
environments.  
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Figure 7. Modeled oxidation of soil organic carbon with 50% removal of corn 
residue. 
 
Figure 8. Modeled oxidation of soil organic carbon with 90% removal of corn 
residue. 
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Figure 9. Modeled change in SOC-C per year for 50% residue removal compared 
to a control (0% removal). 
 
Figure 10. Modeled change in SOC-C per year for 90% residue removal 
compared to a control (0% removal). 
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Chapter 2. Cellulosic Ethanol Processing and Co-Products 
2.1 Introduction 
Lignocellulosic ethanol production consists of two main conversion pathways: 
(1) biochemical conversion, and (2) thermochemical conversion. In biochemical 
conversion, the cellulose and hemicellulose fractions of the raw materials are 
hydrolyzed to sugars by a set of enzymes, which are then fermented and distilled 
to ethanol. Lignin, which cannot efficiently be broken down enzymatically, is 
usually combusted to provide heat and electricity for the conversion process, and 
is thus considered a co-product. In thermochemical conversion, heat is used to 
break biomass into a mixture of carbon monoxide and hydrogen known as 
syngas in one among many pathways (Cherubini and Stromman, 2010), which is 
further resembled into ethanol in the presence of catalysts (Mu et al. 2010). 
In this chapter, the biochemical conversion of corn residue for cellulosic 
ethanol production is evaluated from literature studies to identify process 
characteristics. This information is needed for understanding which processes 
will likely be used by industry in the near term for cellulosic ethanol production, 
and to gather essential information for completing an accurate LCA of the 
process. Key parameters that must be identified and accurately estimated for the 
LCA include: process yields, process energy efficiencies, chemical inputs, and co-
product production rates and uses.  
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Ethanol production from lignocellulosic biomass typically consists of four 
main steps: (1) pretreatment of the feedstock, (2) hydrolysis of pretreated 
biomass into fermentable sugars, (3) fermentation of these sugars to ethanol, and 
(4) separation and purification of ethanol, usually by distillation. The first three 
steps are considered the key technology processes in the production of 
lignocellulosic ethanol. For this reason, the last step: separation and purification, 
is omitted from the discussion below as it utilizes a standard and similar process 
to that for corn or sugar-cane feedstock, and has less impact on the overall 
conversion yield and efficiency.  
 
2.2 Biochemical Composition and Structure of Lignocellulosic 
Biomass 
The biochemical composition of corn residue and switchgrass is primarily 
composed of cellulose and hemicellulose (Table 8). Values for switchgrass were 
calculated based on different switchgrass varieties reported in literature 
(Keshwani and Cheng, 2009). Both types of biomass have similar biochemical 
compositions for cellulose, hemicellulose and lignin, which constitute majority of 
the biomass. Because the exact composition of corn residue and moisture content 
can vary for different corn varieties, locations, soil types, climatic regions, and 
harvest practices, there is likely uncertainty in the data shown for estimating the 
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composition of biomass at any one location. However, this estimate of corn 
residue composition is typically found in peer-reviewed literature (Sheehan et al. 
2004), including a report from the National Renewable Energy Laboratory 
(NREL) (Aden et al. 2002) on modeling the biochemical conversion of cellulose in 
corn residue to ethanol.  
 
Table 8. Chemical composition of corn residue (Sheehan et al. 2004) and 
switchgrass (Keshwani and Cheng, 2009) in % dry basis. 
Component Corn residue* Switchgrass** 
Cellulose fraction 37.4 33, 28.2-37 
Hemicellulose fraction: 27.5 26, 23.7-27.3 
(Xylan 21.1) - 
(Arabinan 2.9) - 
(Mannan 1.6) - 
(Galactan 1.9) - 
Lignin 18 17.3, 15.5-18.4 
Ash 5.2 - 
Acetate  2.9 - 
Protein 3.1 - 
Extractives 4.7 - 
Other 1.1 - 
*adjusted for 15% moisture content. 
**values reported are mean, maximum and minimum calculated based on switchgrass 
variety. 
 
 
Cellulose is the main structural constituent in plant cell walls and is part 
of the organized fibrous structure. The structure of cellulose is a straight chain 
polymer which consists solely of D-glucose subunits linked to each other by β-
(1,4) glycosidic bonds (Figure 11) (Kumar et al. 2009). Due to this linkage, 
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cellobiose (composed of two glucose molecules) is established as the repeat unit 
for cellulose chains. Long chains of cellulose polymers are connected by 
hydrogen bonds and van der waals bonds to form microfibrils, which are then 
covered by hemicellulose and ligin (Gupta and Demirbas, 2010). Before 
fermentation to ethanol, cellulose must be extracted from the microfibril via 
pretreatment and then hydrolyzed to glucose by either acids or enzymes to break 
the β-(1,4) glycosidic bonds. Most cellulose in biomass is arranged in crystalline 
forms, which is more resistant to enzymatic degradation compared to its 
amorphous forms.   
In contrast to cellulose, hemicellulose contains short chains of varying 
monosaccharide repeating units, including pentoses, hexoses, and uronic acids. 
Xylan and arabinan are polymers of the five-carbon sugars xylose and arabinose, 
respectively; whereas mannan and galactan are polymers of the six-carbon 
sugars mannose and galactose, respectively. Hemicelluloses have branch chains 
with either a homopolymer or a heteropolymer attached to their backbone. 
Microfibrils are cross-linked together by hemicelluloses. Unlike cellulose, 
hemicelluloses are much easier to hydrolyze due to their amorphous structures, 
and they do not aggregate even when they co-crystallize with cellulose chains. 
Degradation of hemicelluloses however, produces inhibitory products furfural 
and hydroxymethyl furfural that inhibit subsequent fermentation. Removal of 
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hemicelluloses can significantly improve the hydrolysis of cellulose, which is 
what provides most of the glucose for ethanol production (Gupta and Demirbas, 
2010).  
 
Figure 11. Structure of cellulose polymer with D-glucose subunits connected by 
β-(1,4) glycosidic bonds (modified from Kumar et al. 2009). 
 
 
 Lignin is a complex, highly cross-linked polymers of phenolic monomers. 
It imparts structural support, provides impermeability and resistance against 
microbial attack (Perez et al. 2002). Lignin has high molecular weight and its 
insolubility makes degradation very difficult. This provides resistance in the use 
of cellulose and hemicelluloses for lignocellulosic ethanol production.  
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2.3 Biochemical Pretreatment 
Pretreatment is regarded as an important step for enhancing the enzymatic 
digestibility of cellulose before hydrolysis. An effective pretreatment process 
aims to (1) remove lignin and hemicellulose, (2) de-crystallize cellulose, and (3) 
increase the porosity and surface area of lignocellulosic materials. Any selected 
pretreatment requires a process optimization that minimizes the overall ethanol 
production cost, while maximizes sugar and fermentation yields and limits the 
formation of inhibitory compounds that affect downstream processes. Despite its 
importance, there is a critical need to better understand the fundamentals and 
underlying processes of various biomass feedstocks for developing efficient 
pretreatment technologies.    
Pretreatment methods are loosely classified into different categories 
(Kumar et al. 2009): physical (milling and grinding), chemical (alkali, dilute acid, 
oxidizing agents and organic solvents), physiochemical (steam 
pretreatment/autohydrolysis, hdrothermolysis, and wet oxidation), and 
biological, or a combination of these. The following pretreatment technologies 
have been investigated in a large number of studies for corn residue, and have 
been regarded as the most promising methods among others (Galbe and Zacchi 
2007, Sousa et al. 2009, Wyman et al. 2005). Leading pretreatment technologies 
for corn stover with optimum reaction conditions are subjected to the same type 
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of enzymatic hydrolysis to maximize sugar yields (Table 9). All of the data 
reported in this area originates from bench-scale experimental studies. Glucose 
yields of 90% or greater is observed in most cases, while variable xylose yields 
ranging from 53-91% are demonstrated by the selected pretreatment methods.  
2.3.1 Dilute-acid hydrolysis 
Dilute-acid pretreatment is developed to mainly remove hemicelluloses from the 
lignocellulosic materials and to increase porosity and enzymatic digestibility of 
the cellulose fractions. This method is efficient and suitable for most 
lignocellulosic feedstock (Gupta and Demirbas, 2010). The dilute H2SO4 
pretreatment is able to achieve high reaction rates for cellulose hydrolysis. Two 
types of dilute acid pretreatment are available. In one approach, high 
temperature (>1600C) with low solid loading (5-10%) is used in a continuous flow 
reactor. In another approach, low temperature (<1600C) with high solid loading 
(10-40%) is used in a batch reactor (Sun and Cheng, 2002). Dilute sulfuric acid 
(0.5-1.5%) above 1600C was found to be most suitable for industrial application as 
it is inexpensive and effective (Gupta and Demirbas, 2010). The major 
disadvantages of this process include removal of acids, formation of toxic 
substances and high capital cost.  
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2.3.2 Sulfur dioxide steam explosion 
In this method, the lignocellulosics are subjected to high-pressure steaming (0.69-
4.83 MPa) at a temperature of 160-2600C. When the pressure is suddenly reduced, 
the biomass undergoes an explosive decompression (Kumar et al. 2009). The high 
temperature causes hemicellulose degradation and redistribution of lignin 
structures. As a result, the pore volume of the pretreated biomass is increased, 
exposing the cellulose surface for improved enzyme accessibility. The addition of 
sulfur dioxide (SO2) in steam explosion can further improve enzyme hydrolysis 
by making the reaction conditions more acidic. The presence of SO2 can reduce 
the formation of inhibitory compounds and achieve greater removal of 
hemicellulose (Sun and Cheng, 2002).  
2.3.3 Ammonia fiber explosion (AFEX) 
The AFEX process is very similar to steam explosion. The biomass is treated with 
liquid ammonia at high temperature (70-900C) and pressure (15-20 atm) in a 
typical AFEX pretreatment (Wyman et al. 2005), and then the pressure is 
suddenly released to disrupt the biomass structure. This process does not 
generate much liquid fractions as ammonia is evaporated. Consequently, 
hemicelluloses and lignin are not significantly solubilized and remain as solid 
materials after treatment. Theoretically, higher sugar yields could be obtained 
from hemicelluloses as partial hydrolysis of hemicelluloses could take place 
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during the process (Gupta and Demirbas, 2010). AFEX is not suitable to treat 
biomass with high lignin content. 
2.3.4 Alkaline hydrolysis 
Alkali pretreatment is most widely used among other chemical pretreatment 
technologies as it requires lower temperatures and pressures. Reaction times are 
usually on the order of days for this process and its performance is largely 
affected by the lignin content of the biomass (Kumar et al. 2009). Alkali 
pretreatment can selectively remove part of the hemicellulose and majority of 
lignin to increase the hydrolysis rate (Gupta and Demirbas, 2010). The 
mechanism is believed to be saponification of intermolecular ester bonds 
crosslinking hemicellulose and lignin (Sun and Cheng, 2002). Because of its 
effectiveness and cheaper cost, calcium hydroxide is the chemical often used in 
alkali pretreatment studies.  
 
Table 9. Selective pretreatment technologies for corn residue with optimum 
reaction conditions that maximize sugar yields.  
Pretreatment 
method 
Reaction 
time 
(min) 
Temp. 
(oC) 
Chemicals 
used 
Chemical 
loading*(g 
g-1 dm) 
Glucose 
yield**(%) 
Xylose 
yield** 
(%) 
Dilute acid  20 160 H2SO4 0.015 91.6 91.2 
Sulfur dioxide steam 
explosion 5 190 SO2 0.03 90 84 
AFEX 5 90 NH3 1 96 77.7 
Alkali 4 weeks 55 Ca(OH)2 0.5 92 52.8 
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Enzymatic hydrolysis was conducted using 15 FPU g-1 cellulose. 
*Chemical loadings for the pretreatments were taken from Sousa et al. 2009. 
**Glucose and xylose yields for the pretreatments were reported by Galbe and Zacci, 
2007. 
 
2.4 Enzyme Hydrolysis 
In this section, only the enzymatic process is discussed because it is considered to 
be the most promising biomass conversion technology in recent studies (Yu and 
Zhang 2004, Lin and Tanaka 2006). Despite the progress made, intensive research 
is still being conducted in all areas of enzyme production in trying to optimize its 
performance on substrates while minimizing the enzyme cost.  
Because sugar synthesis is the rate-limiting step, hydrolysis is often regarded 
as being the most critical in the overall ethanol conversion process. The chemical 
and structural features of lignocellulosic feedstock contribute to their 
recalcitrance for enzyme accessibility and activity (Himmel et al. 2007). 
Depending on the type of pretreatment used, lignin and/or hemicelluloses are 
removed and cellulose crystallinity is reduced. The type of pretreatment also 
defines the optimal enzyme mixture to be used and the composition of the 
hydrolysis products (Stephanopoulos, 2007). In this process, the PH is adjusted 
and cellulose is hydrolyzed by a set of enzymes (cellulases) to synthesize sugars 
(glucose and xylose) needed for fermentation. In the presence of hemicelluloses, 
additional hemicellulose enzymes are added. Hydrolysis typically occurs at PH 5 
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and 50 oC for 24-120 hours (Gupta and Demirbas, 2010). The recommended 
enzyme loading and temperature of pretreated corn stover is 10 FPU (g dry 
biomass)-1 and 50 oC, respectively (Kaar and Holtzapple, 2000). Cellulases can be 
broadly divided into three groups of enzymes: (1) endoglucanases, (2) 
cellobiohydrolases, and (3) β-glucosidases. Endoglucanases reduce the 
substrate’s degree of polymerization by randomly attacking the cellulose chains 
to create free ends for cellobiohydrolases to cleave cellobiose, which is then 
hydrolyzed by β-glucosidases to produce two glucose molecules (Hahn-
Hägerdal et al. 2006). Continuous efforts are made to enhance the performance of 
cellulases primarily in trying to broaden the understanding of enzymatic 
functions on cellulose surface at the molecular level (Himmel et al. 2007). This 
will help resolve many of the challenges associated with enzymatic hydrolysis 
including end-product inhibition by glucose and nonspecific binding of enzyme 
to lignin.  
Most life cycle models for biofuels do not account for enzyme and chemical 
usages in their analysis, but instead assume they would be used in small 
quantities so that their contribution would not significantly impact the overall 
GHG emissions. While it is true that lignocellulosic ethanol technologies will 
unlikely be commercialized unless low enzyme and chemical requirements are 
met since high loadings are usually impeded by high costs, the assumption that 
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their contributions are negligible has not been validated or justified in any of 
current LCA studies. In order to more accurately track the GHG emissions of 
lignocellulosic ethanol conversion technologies, it is important to include 
chemical and enzyme inputs in the conversion process to examine their impact 
on GHG emissions, and determine whether or not their contributions are 
potentially significant in the overall LCA analysis.  
 
2.5 Fermentation 
The conversion of glucose to cellulosic ethanol by yeasts such as Saccharomyces 
cerevisiae follows a similar process to the one used for corn and sugarcane 
feedstocks (Gupta and Demirbas, 2010). Two main processes have been 
emphasized in literatures: separate hydrolysis and fermentation (SHF), and 
simultaneous saccharification and fermentation (SSF). SSF combines enzymatic 
hydrolysis with ethanol fermentation which normally takes place in separate 
reactors in SHF. The activity of cellulase is strongly inhibited by its catalyzed 
end-product: glucose. Therefore, SSF is mainly developed to improve the overall 
ethanol yield by reducing glucose inhibition in enzymatic hydrolysis as sugars 
are rapidly converted to ethanol. A comparison of the two processes using 
steam-pretreated corn residue showed a 13% higher overall ethanol yield in SSF 
than SHF (72.4% versus 59.1% of the theoretical) by removing end-product 
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inhibition (Ohgren et al. 2007). Another SSF experiment using dilute sulfuric 
acid-pretreated corn residue reported an ethanol yield of 92% (Wyman et al. 
1992). In spite of its better yield performance, there are some drawbacks of SSF as 
compared with the SHF process. The optimum temperature for enzymatic 
hydrolysis (45-50o) is typically higher than that for fermentation (28-35o) using 
yeast, therefore compromised conditions need to be identified for temperature 
and PH suitable for both processes (Lin and Tanaka, 2006). Because xylose 
compromises a large fraction of the available sugars in corn residue, the ability to 
recover and ferment them into ethanol is beneficial for improving the overall 
efficiency of the process. However, most microorganisms used for converting 
cellulosic feedstock are unable to utilize xylose in the fermentation process. To 
overcome this problem, many species of yeasts have been tested or genetically 
engineered to achieve co-fermentation of both hexoses and pentoses during SSF 
in a process variation called simultaneous saccharification and co-fermentation, 
SSCF (Olofsson et al. 2008). In one study, a recombinant strain of Saccharomyces 
cerevisiae, TMB3400, was used in SSF of steam pretreated corn residue at high 
content of water-insoluble solids (WIS). TMB3400 co-fermented glucose and 
xylose giving ethanol yields of 54% and 59% of theoretical at 10% WIS and 11% 
WIS, respectively (Ohgren et al. 2006). This shows that continuous efforts in the 
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development of more efficient pentose fermenting microorganisms will be 
required for industrial ethanol production from biomass. 
 
2.6 Comparative Studies of Biochemical Ethanol Production from 
Corn Residue and Switchgrass 
Ethanol yield is an important parameter needed for assessing the life cycle 
performance of cellulosic ethanol, as well as determining its environmental 
impact on the total GHG emissions in the entire production process. Currently, 
few studies have been reported in literature on the biochemical conversion of 
ethanol using lignocellulosic materials. Results from two recent studies utilizing 
either corn residue or switchgrass as the source of biomass are discussed here. 
Due to limited data availability, it is assumed that the ethanol conversion 
technology described for corn residue is similar to that for switchgrass as both 
have similar chemical compositions (Table 8). It is also assumed that both corn 
residue and switchgrass require similar amounts of chemical and enzyme inputs 
for the conversion process for producing comparable ethanol yields.  
In one study, the biochemical processing of switchgrass is modeled for 
near/mid-term and mature lignocellulosic ethanol technologies in three case 
studies (MacLean and Spatari, 2009). The first case study, DA-SSCF, uses co-
current dilute acid pretreatment with simultaneous saccharification and co-
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fermentation, developed by the National Renewable Energy Laboratory (NREL). 
SSCF is simply a variation of SSF where xylose and glucose sugars are fermented 
together. The second, AFEX-SSCF, uses ammonia fiber explosion pretreatment 
developed by Bruce Dale and colleagues at Michigan State University, combined 
with simultaneous saccharification and co-fermentation. The last case study 
models AFEX pretreatment combined with an advanced fermentation process 
called consolidated bioprocessing (CBP), which is on-site enzyme production, 
hydrolysis and fermentation. The first two case studies are modeled for 
near/mid-term lignocellulosic ethanol production, whereas the last is viewed as a 
mature technology. The ethanol yields reported for DA-SSCF and AFEX-SSCF 
are 270 and 306 L Mg-1 of dry biomass, respectively, assuming a biomass capacity 
of 2000 Mg d-1. The AFEX-CBP process assumes a biomass capacity of 5,000 Mg 
d-1, but its ethanol yield is not reported. The chemical and enzyme inputs for the 
three conversion processes are listed in Table 10 as kg per dry metric ton 
biomass. Their contributions to GHG emissions are calculated in g CO2e per dry 
metric ton biomass and reported in Table 11. Data shows that the most and least 
GHG intense conversion technologies are AFEX-SSCF and AFEX-CBP, at 58,022 
and 15,534 g CO2e Mg-1, respectively. On-site enzyme production in AFEX-CBP 
largely reduces the overall GHG emissions since part of the process energy 
comes from the biomass itself, and so there is no GHG emissions associated with 
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enzyme production. The use of process chemicals such as lime and ammonia 
significantly increase the overall GHG emissions of the conversion processes. 
Their higher contributions to GHG emissions suggest for optimization of the 
pretreatment technologies. 
In another study, several biochemical process technologies for ethanol 
production from corn residue are compared using four pretreatment 
technologies (dilute-acid, 2-stage dilute-acid, hot water, and AFEX) and three 
different downstream processes (pervaporation, separate 5-carbon and 6-carbon 
sugars fermentation, and on-site enzyme production) (Kazi et al. 2010). All of the 
process scenarios assumed a biomass capacity of 2,000 Mg day-1 of dry corn 
residue, and ethanol yields including reaction conversions were based on 2007 
publicly available experimental data. Similar to the previous study, the NREL 
design report (Aden et al. 2002) is also used in this study to model the dilute-acid 
pretreatment scenarios and downstream processes. Table 12 summarizes the 
ethanol yields for the conversion technologies and associated chemical GHG 
emissions for the dilute acid and AFEX pretreatment scenarios. The average 
ethanol yield is calculated to be 256 L Mg-1 of dry biomass. The chemical GHG 
emissions, in g CO2e L-1, for corn residue are calculated based on the total GHG 
emissions reported in Table 4 for the same pretreatment processes of switchgrass, 
assuming both feedstocks have similar chemical input requirements. The GHG 
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emission for switchgrass AFEX-SSCF is used instead of AFEX-CBP in the 
calculation for corn residue as the latter uses a different downstream process and 
biomass capacity. The chemical GHG emissions are also reported on a mass 
emission per energy basis in g CO2e MJ-1, with an assumed ethanol energy 
content of 21.1 MJ L-1 (Liska et al. 2009). Because of its larger chemical loadings, 
the AFEX pretreatment scenario demonstrated higher GHG emissions 
contributed by process chemical usages at 11 g CO2e MJ-1 compared to the dilute 
acid pretreatment cases. 
 
Table 10. Chemical and enzyme inputs for the three biochemical ethanol 
conversion processes using switchgrass (MacLean and Spatari, 2009). 
Conversion 
technologies Chemicals & enzymes 
Input (kg per dry Mg 
feedstock) 
DA-SSCF H2SO4 26
  Ca(OH)2 29
  Cellulase 9.2
  Diammonium phosphate (DAP) 1.9
AFEX-SSCF NH3 20
  Cellulase 9.6
  Diammonium phosphate (DAP) 2.2
AFEX-CBP NH3 8.1
 Diammonium phosphate (DAP) 2.2
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Table 11. Contribution of process chemicals and enzymes to greenhouse gas 
emissions for biochemical conversions of switchgrass (MacLean & Spatari, 2009). 
Chemicals & enzymes 
GHG 
(gCO2e kg-1) 
GHG-DA-SSCF 
(g CO2e Mg-1*) 
GHG-AFEX-
SSCF 
(g CO2e Mg-1*) 
GHG-
AFEX-CBP 
(g CO2e 
Mg-1*) 
H2SO4 133 3458 - -
Ca(OH)2 932 27,028 - -
NH3 1744 - 34,880 14,126
Diammonium 
phosphate (DAP) 640 1216
1408 1408
Cellulase 2264 20,829 21,734 -
Total GHG emissions - 52,531 58,022 15,534
*biomass; DA=dilute sulfuric acid; AFEX=ammonia fiber explosion; CBP=consolidated 
bioprocessing; SSCF= simultaneous saccharification and co-fermentation 
 
Table 12. Ethanol yields of conversion technologies for corn residue and 
associated chemical GHG emissions for dilute-acid and AFEX pretreatment 
scenarios (Kazi et al. 2010). 
Conversion technologies 
 
Ethanol 
yield (L 
Mg-1) 
Chemical 
GHG 
emissions 
(g CO2e L-1) 
 
Chemical GHG 
emissions* 
(g CO2e MJ-1) 
Dilute-acid pretreatment (base case) 289 182 8.6 
Dilute-acid pretreatment (high solids) 274 192 9.1 
2-stage dilute-acid pretreatment 177 - - 
Hot water pretreatment 211 -                     - 
AFEX pretreatment 250 232    11 
Pervaporation-distillation 291   -     - 
Separate C5 and C6 fermentation 300   -     - 
On-site enzyme production 256   -     - 
*Energy content of ethanol is 21.1MJ L-1 (Liska et al. 2009) 
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2.7 Lignin-Energy for Process Heat and Electricity 
The lignin fraction of the biomass (18% for corn residue and 17% for switchgrass 
from Table 8) can be combusted to provide process heat and potential co-
generation of electricity for the production of lignocellulosic ethanol. Table 13 
summarizes the excess lignin energy and associated GHG emission credits from 
potential electricity production for the dilute-acid and AFEX pretreatment 
scenarios described earlier, using corn residue or switchgrass as a source of 
biomass (MacLean and Spatari, 2009; Kazi et al. 2010). For all of the process 
scenarios modeled, an ethanol energy yield of 30-35% of total biomass energy is 
obtained based on a plant capacity of 2000 Mg d-1 and an ethanol energy content 
of 21.1 MJ L-1 (Liska et al. 2009). Similarly, the lignin energy yield for all of the 
scenarios is calculated to be 23-25% of total biomass energy, based on a lignin 
energy content of 25 MJ kg-1 (Anex et al. 2007).  It is estimated that energy inputs 
into the cellulosic biorefinery are equivalent to 35% of the chemical energy in the 
produced cellulosic ethanol (Wright and Brown, 2007). At 35% efficiency, 100 MJ 
of ethanol requires 35 MJ of lignin energy to power the conversion process. This 
energy demand is met by all of the modeled scenarios, which demonstrated 
lignin availability to be 66-85% of cellulosic ethanol energy output. Based on 
these simulations, it can be suggested that sufficient process energy derived from 
lignin is available to meet all of the biorefineries requirements, with excess 
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energy available for electricity export. Assuming an electricity production 
efficiency of 30% (Liska et al. 2009), the amount of electricity generated in KWh 
for all of the scenarios is reported (Table 13). 
Table 13. Biomass processing energy in lignin and associated GHG emission 
credits. 
Conversion technologies 
DA-
SSCF* 
DA1-
SSCF** 
DA2-
SSCF** 
AFEX-
SSCF* 
AFEX-
SSCF** 
Ethanol yield, L Mg-1 270 289 274 306 250 
Ethanol yield1, L x1000 d-1 540 578 548 612 500 
Energy in biomass, MJ Mg-1 18500 17700 17700 18500 17700 
Total biomass combusion, GJ 37,000 35,400 35,400 37,000 35,400 
Ethanol energy yield2, GJ 11,394 12,196 11,563 12,913 10,550 
Ethanol energy yield3, % 
biomass 31% 34% 33% 35% 30% 
Lignin mass yield4,  Mg Mg-1 0.17 0.18 0.18 0.17 0.18 
Lignin energy yield5, GJ 8,500 9,000 9,000 8,500 9,000 
Lignin energy yield, % 
biomass 23% 25% 25% 23% 25% 
Lignin energy available, MJ L-1 15741 15571 16423 13889 18000 
MJ Lignin per MJ ethanol  75% 74% 78% 66% 85% 
Processing energy required6, 
GJ 3,988 4,269 4,047 4,520 3,693 
Excess Lignin energy available 
as co-product, GJ 4,512 4,731 4,953 3,980 5,308 
Electricity7, kWh 501,344 525,719 550,336 442,264 589,722 
Total GHG emission8, kg CO2e 456,223 478,404 500,805 402,461 536,647 
Emission credit, g CO2e MJ-1 40 39 43 31 51 
% Energy used 54% 60% 58% 58% 55% 
*(Dilute acid pretreatment or Ammonia fiber explosion pretreatment)-Simultaneous 
saccharification & co-fermentation of switchgrass (MacLean and Spatari, 2009) 
**(Dilute acid pretreatment 1-base case or Dilute acid pretreatment 2-high solids or Ammonia 
fiber explosion pretreatment)-Simultaneous saccharification & co-fermentation of corn residue 
(Kazi et al. 2010) 
1. Biomass capacity is 2000 Mg d-1 for dry corn residue and swtichgrass (Kazi et al. 2010, MacLean 
and Spatari, 2009) 
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2. Energy content of ethanol is 21.1 MJ L-1 (Liska et al. 2009) 
3. Energy content of corn residue is 17.7 KJ g-1 (Domalski et al. 1986); energy content of 
switchgrass is 18.5 MJ kg-1 (Dien et al. 2006) 
4. Lignin mass yields of corn residue and switchgrass are 18% and 17%, respectively (Table 8) 
5. Energy content of lignin is 25 MJ kg-1 (Anex et al. 2007) 
6. 35% of ethanol energy is required for processing energy (Wright and Brown, 2007) 
7. Electricity production efficiency is 40%, and 1 kWh is equal to 3.6 MJ (Liska et al. 2009) 
8. Based on the 12-state Midwest average emission factor of 910 g CO2e KWh-1 (Plevin 2009) 
 
Based on the 12-state Midwest average emission factor of 910 g CO2 per 
KWh (Plevin 2009), the GHG emission credits available from electricity 
generation are calculated to be 31-51g CO2e MJ-1, which will contribute to 
negating the overall environmental impact for GHG emissions associated with 
cellulosic ethanol production. Excess co-product not used for energy could be 
also used as a soil amendment to contribute to soil organic carbon to benefit the 
life-cycle GHG emissions of the process (Johnson, 2007), but further research is 
needed to determine changes in SOC and prospects for C sequestration via this 
process. 
 
2.8 Economic Factors 
Commercial-scale production of cellulosic ethanol faces a number of technical 
and economic challenges that will likely restrict the spread of this technology in 
the near future. First, the biochemical conversion of biopolymers in cellulosic 
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feedstocks continues to be a difficult task as it currently allows only 40% of the 
energy content available in biomass to be converted to ethanol (Service, 2010). 
Novozymes, a biotech company from Denmark, recently claimed that the first 
commercial plants will be able to produce cellulosic ethanol at a production price 
lower than $2 per gallon when they are fully operational, with the enzyme cost 
being $0.50 per gallon of ethanol produced (Bryant, 2010). Two companies, Poet 
LLC and Royal DSM (Netherlands) have recently begun construction of a $250 
million cellulosic ethanol plant in Iowa, which claims to produce cellulosic 
ethanol at about $3 per gallon including capital and depreciation (Perkins, 2012). 
Because the development of hydrolytic enzymes and fermentation organisms is a 
capital-intensive technology for biochemical conversion, the current high level of 
investment will likely restrict free access of patented organisms or engineered 
enzymes as they are developed. In a techno-economic analysis, Kazi et al. (2010) 
compared the total capital investment and total installed equipment cost for 
different pretreatment scenarios, and estimated the cost to vary between $327-
501 million and $156-209 million, respectively, for ethanol productions that range 
from 124 -210 million L per year. The dilute acid pretreatment process has the 
lowest product value at $5.13 per gallon of gasoline equivalent among all 
modeled scenarios. Sensitivity analysis showed that the product value is most 
sensitive to feedstock cost, enzyme cost and installed equipment cost. They also 
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found that a large fraction of capital cost is associated with producing heat and 
power from lignin in the biomass (Kazi et al. 2010). Second, infrastructure costs 
were recently estimated for cellulosic ethanol at $5.88 per gallon annual capacity, 
with established corn ethanol at a mere $1.12 per gallon (Wright and Brown, 
2007). Based on data from the DOE-supported biorefineries, total infrastructure 
costs averaged $10.4 per gallon, ranging from $5.9 to $20.8 per gallon, which is 
an average of 9 times more expensive than corn ethanol 
(http://www.energy.gov/news/4827.htm). Third, total operating costs were 
estimated at $1.22 per gallon for corn ethanol and at $1.76 for cellulosic, making 
second-generation technologies currently slightly more expensive than corn 
ethanol, assuming optimized state-of-the-art technology for cellulosic ethanol 
without including R&D costs (Wright and Brown, 2007). For both corn ethanol 
and cellulosic ethanol, feedstock costs contribute to 50% or more of the total costs 
in biofuel production. Increase in commodity price and higher transportation 
costs directly affect the feedstock costs. Commercial-level production of 
cellulosic ethanol requires steady access to agricultural feedstocks from farmers, 
which proves to be a challenging task for maintaining an adequate supply chain 
in meeting the plant’s production capacity (Service, 2010). This will negatively 
impact process economics and expansion of this biofuel technology in the future.  
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Chapter 3. Life Cycle Assessment of Cellulosic Ethanol 
3.1 Previous LCA’s of Cellulosic Ethanol from Crop Residue 
Life cycle assessment (LCA) is an analytical method used to assess the 
environmental impacts of a product system, taking into account of all the stages 
in the complete life cycle of the product, from raw material extraction and 
manufacture to the delivery and use of the final product (Lloyd and Ries, 2007). 
There are two main types of LCA that can be applied to answer different 
questions. Attributional LCA (Table 14) provides information about the impacts 
of the processes used to produce a product such as quantifying the total GHG 
emissions directly associated with producing a good or service, whereas 
consequential LCA seeks to determine the consequences of changes in the level 
of output of a product. The latter normally is more expansive and tends to cover 
impacts not directly associated with the system, such as indirect land use change 
(Brander et al. 2008). In the context of biofuel systems, the stages of the complete 
life cycle for a well-to-wheel analysis of cellulosic ethanol (Sheehan et al. 2004) 
include: 1) the production and collection of crop residues, 2) transport of residues 
from the farm to an ethanol-producing facility, 3) distribution of ethanol to 
fueling stations, and 4) use of ethanol in ethanol-blended fuels in transportation 
vehicles. The functional unit commonly used by regulators associated with 
climate change policies is GHG emissions per unit of energy in ethanol (g CO2e 
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MJ-1), yet many studies have used GHG emissions per unit of energy required for 
each kilometer traveled using ethanol. Much of the variability among LCA 
results for biofuels arises from inconsistencies in clearly defining the data 
sources, assumptions, system boundaries, and the allocation methods used 
(McKone et al. 2011, Johnson et al. 2011), in addition to inconsistent use of system 
metrics (Liska and Cassman, 2008). This makes direct comparison of LCA results 
especially challenging as there exists different approaches to modeling a product 
system. Currently, a limited number of LCA studies are available for evaluating 
the GHG emissions from cellulosic ethanol from crop residue, and these results 
vary to a large extent.    
An LCA model commonly used in literature studies and by state and 
federal regulators for assessing GHG emissions from biofuels is the Greenhouse 
gases, Regulated Emissions, and Energy use in Transportation (GREET) model 
developed by Argonne National Laboratory. For a given vehicle technology and 
fuel combination, the model calculates the energy use and GHG emissions 
associated with a well-to-wheel analysis of transportation fuels (Wang, 2008). 
Differences in a particular fuel type or vehicle specification give rise to variation 
in results. Thus, state and federal regulations only assess GHG emissions from 
“well-to-tank”, or from field production to the delivery of fuel to a distribution 
station.  
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In few of the LCA studies that considered soil carbon dynamics, Sheehan 
et al. (2004) performed a well-to-wheel analysis for modeling the life cycle of 
cellulosic ethanol from corn residue in the state of Iowa. Using the CENTURY 
model, their study predicted a sequestration in soil carbon levels even at 
maximum (100%) residue removal rate over a 90-year modeling period under no-
till and continuous corn practices, but the authors did not determine the 
difference in SOC compared to a control. By incorporating results from 
individual models that described the processes for the production, collection, 
transport and biochemical conversion (DA-SSCF) of corn residue to ethanol, they 
concluded that for each kilometer traveled using a 100% ethanol (E100) fuel 
blend in a light-duty vehicle, the GHG emissions (CO2, N2O and CH4) are 
reduced by 254 g CO2e km-1 or 106% relative to gasoline.  
In another study that evaluated the changes in SOC in the LCA of 
cellulosic ethanol from corn residue (Kim et al. 2009), the DAYCENT model 
predicted an accumulation or depletion rate of SOC (-144 to 153 kg CO2e ha-1 yr-1) 
at 50% removal rate for various locations in the U.S. Corn Belt. Incorporating 
these simulated results, the reported GHG emissions associated with residue 
production are - 40 to 90 g CO2e kg-1 of dry biomass.  
Spatari et al. (2005) reported a reduction in GHG emissions by 165 CO2e 
km-1 or 65% relative to gasoline in an E85-fueled vehicle assuming there is no 
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gain or loss of SOC associated with residue removal. They argued that soil 
carbon dynamics is a complex process, and there is not sufficient data to include 
this parameter in the LCA model.  
In a recent study, Hsu et al. (2010) also evaluated the GHG emissions 
performance of cellulosic ethanol from corn residue in a light-duty vehicle 
operated on E85 fuel without accounting for the effects of SOC associated with 
residue removal, and they found 43-47% lower GHG emissions compared to 
gasoline.  
In most of these studies, the lignin fraction (co-product) of the corn 
residue is used to generate surplus electricity during the ethanol conversion 
process for displacement of electricity from the coal-dependent power grid. 
According to Spatari and MacLean (2010), co-product credits can reduce the 
GHG emissions of cellulosic ethanol by 30-88 g CO2e MJ-1, but there exists great 
uncertainty (25-50 g CO2e MJ-1) for near-term production pathways depending 
on the feedstock composition and bioconversion yields used. Most published 
LCA studies considered only a single ethanol conversion technology (DA-SSCF) 
by extracting yields data from the NREL report (Aden et al. 2002). However, the 
GHG emissions performance of emerging second-generation biofuel conversion 
technologies varies considerably due to differences in product yields and process 
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conditions (Spatari and MacLean, 2010). A comparison of existing LCA studies 
for cellulosic ethanol with the current study is shown (Table 14). 
Overall, only two out of five recent studies included change in SOC in the 
LCA. Kim et al. 2009 only looked at field production and did not complete the 
full LCA. Sheehan et al. 2004 did not include the change in SOC as a result of 
residue removal, but only reported the modeled absolute change in SOC. Both 
studies use CENTURY /DAYCENT models, which may not be sufficiently 
validated (Liska & Cassman, 2008). Furthermore, the relative change in SOC 
from residue removal compared to a control must be included because EISA uses 
a consequential LCA that takes into account the changes that result from a 
practice, not merely the absolute changes.  
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Changes in SOC from corn production for ethanol may be a significant 
source of GHG emissions from biofuel production (Wortmann et al. 2011), but 
the soil carbon dynamics has been challenged in recent years with controversial 
and conflicting data (Baker et al. 2007). Some research shows no significant SOC 
sequestration from no-tillage corn production, which conflicts with previous data 
(Verma et al. 2005; Blanco and Lal 2009). Yet, there is greater data congruence 
concerning SOC dynamics and residue removal (Section 1.2). Summaries of 
recent field studies show that SOC is consistently lost when excessive crop 
residue is removed (Wilhelm et al. 2007; Anderson-Teixeira et al. 2009). 
For example, rates of SOC losses from corn residue removal were recently 
applied to sweet sorghum, a similar C4 crop, in a scenario in which all crop 
residue was removed. By incorporating 800 kilogram of SOC loss per hectare per 
year into the life cycle emissions inventory, ethanol from sweet sorghum was 
found to be 18% more GHG-intense compared to gasoline (Wortmann et al. 2011; 
Anderson- Teixeira et al. 2009). Alternatively, when all residue was assumed to 
be left on the field, assuming no net SOC change, ethanol from sweet sorghum 
reduced GHG emissions compared to gasoline by 50%. Thus, if it is not managed 
properly, SOC loss appears to be able to negate any GHG benefits of some 
biofuels. In producing cellulosic ethanol from corn residue, the impact of residue 
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removal on SOC loss and its impact on life cycle GHG emissions have received 
limited attention.  
 
3.2 LCA of Cellulosic Ethanol from Crop Residue based on Field 
Experiments 
In the present study, the GHG emissions impact of corn residue-based fuel 
ethanol is investigated using an attributional LCA and compared with gasoline 
for various bioconversion technologies. The functional unit of this study is 
defined as grams of carbon dioxide equivalent per megajoule of energy in 
ethanol (g CO2e MJ-1). The impact of residue removal on SOC dynamics is 
characterized under the cropping system for corn production using field-level 
micrometeorological measurements of mass and energy fluxes, and modeling of 
SOC. The results are incorporated into the final LCA of total GHG emissions for 
cellulosic ethanol, including the production, collection, and the biochemical 
conversion of crop residue (including co-products) for ethanol production. For 
simplicity, this LCA does not include the final use of ethanol in a simulated 
vehicle and fuel type scenario, but instead provides a direct comparison for the 
GHG emissions between different ethanol conversion technologies and gasoline 
to make these results consistent with results provided by regulators.  
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Calculating the GHG impact of SOC loss and including it in the cellulosic 
ethanol life cycle leads to results which challenge the prevailing understanding 
of this system. A simple calculation scheme can be used to determine how SOC 
loss to CO2, and various other emissions in the life cycle, can be incorporated into 
an LCA. Instead of using a complex model like GREET, emissions per hectare per 
year simply need to be divided by the biofuel energy yield per hectare per year. 
Experimental tests show that these simple calculations produce the same results 
as when applied to more complex LCA models (Liska et al. 2009); similar 
calculations have been applied by others (Searchinger et al. 2008). Using this 
approach, the factors with the highest relative emissions levels can be 
investigated, and the hundreds of other factors that are minor contributions can 
be eliminated, such as used in GREET and BESS. 
Transportation of biomass to the biorefinery is included in this system, 
and its GHG emission is estimated to be 80 kg CO2 per dry tonne for a 
biorefinery capacity of 2000 dry tons per day for switchgrass using the Integrated 
Biomass Supply Analysis and Logistics (IBSAL) model (Kumar and Sokhansanj, 
2007). Due to limited data availability, this value is assumed for corn residue, but 
emission levels have been estimated to be higher than that for switchgrass 
(Sokhansanj et al. (2006).  
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The selection of the allocation method is essential for the GHG emissions 
outcome in LCA studies. For cellulosic ethanol, allocation based on mass and 
energy content is applied. This assumes a mass ratio of 1:1 between corn grain 
and corn residue produced in agriculture, and the same for the energy content 
(Luo et al. 2009). In the current study, agricultural energy use from fossil fuel is 
allocated based on the percentage of corn residue removed in the total biomass 
and grains harvested.  
Modeled GHG emissions from loss in SOC at 50% residue removal 
declined most rapidly during the first five years (2001-2006) as the magnitude of 
changes in SOC was smaller for later years (Figure 12). This correlate with the 
rapid loss in SOC-C observed previously over the same first five years (Figures 9 
& 10). The same trend and GHG emission intensities were observed at 90% 
removal level (Table 15); similar emissions intensities were also found at the 10% 
removal level (data not shown). At higher removal rate, a greater amount of loss 
in SOC led to a higher corresponding ethanol energy yield, thus making its 
associated GHG emission the same as in the 50% removal case (Tables 16 & 17). 
Because short-term changes in SOC are most relevant for the LCA of cellulosic 
ethanol, average loss in SOC over the first five years was used to calculate its 
associated GHG emissions for different production scenarios (Tables 16 & 17).  
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For both 50% and 90% removal, oxidation of SOC to CO2 as a result of 
residue harvest showed the greatest contribution to GHG intensity in the life 
cycle GHG emissions for different cellulosic ethanol conversion technologies 
(Tables 16 & 17, Figures 13 & 15). Agricultural fossil fuel use and transport of 
biomass to biorefinery, as well as process chemicals used for ethanol conversion 
were the next largest sources of GHG emissions. Field-level N2O and CH4 
emissions were relatively minor for their contributions in the final LCA. For both 
removal rates, there was a large emission credit saving (~41 g CO2 MJ-1) from 
electricity generated from co-products, which helped to offset the overall GHG 
emissions of the process. Among the bioconversion technologies evaluated, DA1-
SSCF (base case) using corn residue showed the least GHG intensities at 50 g CO2 
MJ-1 and 54 g CO2 MJ-1 for 50% and 90% removals, respectively; while DA-SSCF 
using switchgrass appeared to be the most GHG intense at 55 g CO2 MJ-1 and 60 g 
CO2 MJ-1 for the two respective removal rates. Compared to gasoline (95 g CO2 
MJ-1), the percent reductions of GHG intensity for the studied conversion 
scenarios ranged from 37% to 47% for the two removal levels. The 90% removal 
resulted a slightly higher overall GHG emission intensity (averaged at 57 g CO2 
MJ-1) compared to the 50% removal (averaged at 53 g CO2 MJ-1) for the different 
production scenarios examined.  
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Figure 12. Emissions of CO2 from changes in SOC per year for modeled 50% 
residue removal based on input values from Table 15.  
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Table 16. LCA of GHG emissions for different cellulosic ethanol conversion 
technologies with simulated 50% residue removal, with 5-yr SOC average loss. 
Conversion 
technologies 
DA-
SSCF* 
DA1-
SSCF** 
DA2-
SSCF** 
AFEX-
SSCF* 
AFEX-
SSCF** 
1Ethanol energy yield, 
GJ ha-1 yr-1 32 34 33 36 30 
Agricultural GHG EMISSIONS, kg CO2e ha-1 yr-1       
2Soil CO2 emissions 1980 1980 1980 1980 1980 
3Soil N2O emissions -147 -147 -147 -147 -147 
4Soil CH4 emissions -47 -47 -47 -47 -47 
5Crop production fossil 
fuel 530 530 530 530 530 
6Transport to biorefinery 448 448 448 448 448 
GHG EMISSIONS, g CO2 MJ-1 yr-1       
Soil CO2 emissions 62 58 61 55 67 
Soil N2O emissions -5 -4 -5 -4 -5 
Soil CH4 emissions -1 -1 -1 -1 -2 
Crop production fossil 
fuel 17 15 16 15 18 
Transport to 
biorefinery 14 13 14 12 15 
Process chemicals 9 9 9 9 11 
Biorefinery electricity 
credits -40 -39 -43 -31 -51 
Total 55 50 51 54 53 
gasoline 95 95 95 95 95 
CO2e reduction (%) 42 47 47 43 44 
1. Estimated based on dry matter grain yield from Site 2 in 2011 (11.2 Mg ha-1), and 
ethanol yields from Table 13. 
2. Estimated based on modeling of CO2 fluxes from first five years (2001-2006) of 
previous eddy covariance flux data for continuous corn at Site 1. 
3. Estimated from IPCC based on 9 years (2001-2010) of grain yields at 15.5% moisture at 
Site 1. 
4. Measured from the field in 2011. 
5. Estimated using BESS model based on biomass yield and removal level in 2010. 
6. Estimated Kumar and Sokhansaj, 2007. 
*(Dilute acid pretreatment or Ammonia fiber explosion pretreatment)-Simultaneous 
saccharification & co-fermentation of switchgrass (MacLean and Spatari, 2009) 
**(Dilute acid pretreatment 1-base case or Dilute acid pretreatment 2-high solids or 
Ammonia fiber explosion pretreatment)-Simultaneous saccharification & co-
fermentation of corn residue (Kazi et al. 2010) 
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Table 17. LCA of GHG emissions for different cellulosic ethanol conversion 
technologies with simulated 90% residue removal, with 5-yr SOC average loss. 
Conversion technologies 
DA-
SSCF* 
DA1-
SSCF** 
DA2-
SSCF** 
AFEX-
SSCF* 
AFEX-
SSCF** 
1Ethanol energy yield, 
GJ ha-1 yr-1 58 62 59 65 53 
Agricultural GHG EMISSIONS, kg CO2 Mg-1 yr-1    
2Soil CO2 emissions 3563 3563 3563 3563 3563 
3Soil N2O emissions -265 -265 -265 -265 -265 
4Soil CH4 emissions -47 -47 -47 -47 -47 
5Crop production fossil fuel 1170 1170 1170 1170 1170 
6Transport to biorefinery 807 807 807 807 807 
GHG EMISSIONS, g CO2 MJ-1 yr-1       
Soil CO2 emissions 62 58 61 55 67 
Soil N2O emissions -5 -4 -5 -4 -5 
Soil CH4 emissions -1 -1 -1 -1 -1 
Crop production fossil fuel 20 19 20 18 22 
Transport to biorefinery 14 13 14 12 15 
Process chemicals 9 9 9 9 11 
Biorefinery electricity 
credits -40 -39 -43 -31 -51 
Total 60 54 55 58 58 
gasoline 95 95 95 95 95 
CO2e reduction (%) 37 43 42 39 39 
1. Estimated based on dry matter grain yield from Site 2 in 2011 (11.2 Mg ha-1), and 
ethanol yields from Table 13. 
2. Estimated based on modeling of CO2 fluxes from first five years (2001-2006) of 
previous eddy covariance flux data for continuous corn at Site 1. 
3. Estimated from IPCC based on 9 years (2001-2010) of grain yields at 15.5% moisture at 
Site 1. 
4. Measured from the field in 2011. 
5. Estimated using BESS model based on biomass yield and removal level in 2011. 
6. Estimated from Kumar and Sokhansaj, 2007. 
*(Dilute acid pretreatment or Ammonia fiber explosion pretreatment)-Simultaneous 
saccharification & co-fermentation of switchgrass (MacLean and Spatari, 2009) 
**(Dilute acid pretreatment 1-base case or Dilute acid pretreatment 2-high solids or 
Ammonia fiber explosion pretreatment)-Simultaneous saccharification & co-
fermentation of corn residue (Kazi et al. 2010) 
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3.3. Returning C to Soil  
Where cost effective, management of crop rotations, residue, and manure from 
livestock, can play a role in maintaining soil carbon (Fronning et al. 2008). 
Alternatively, after biofuel production, the return of a stable carbon residue in 
the form of biochar from thermochemical conversion could be important for 
helping to maintain SOC and reducing overall GHG emissions from biofuel 
systems (Lehmann and Joseph, 2009). However, the response of soil properties to 
different amendments varies with the characteristics of the amendment (Tejada 
and Gonzalez, 2006). Thus, in addition to a more comprehensive approach to 
estimating SOC loss, more research is needed on management for maintaining 
SOC level under different soil and climatic systems.  
Production of cellulosic ethanol from the fermentation of corn residue 
produces a high-lignin fermentation byproduct (HLFB) that could potentially be 
converted to energy or used as a soil amendment (Johnson et al. 2007).  Sufficient 
quantities of carbon in HLFB can be returned to soil to maintain SOC. In two 
soils with different SOC levels, the application of HLFB at various application 
rates resulted in increasing levels of humic acid concentration and the number of 
water-stable aggregates which may reduce erosion risk (Johnson et al. 2007).  The 
slow decomposition of HLFB has been suggested to be beneficial in retaining 
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SOC, but the agronomic and economic implications associated with its field 
application have not been investigated (Johnson et al. 2007).   
Previous calculations showed that the energy derived from lignin 
combustion can be used towards generating electricity for transport (Table 13). If 
not used for this purpose, lignin could potentially serve as a soil amendment to 
contribute to SOC to help reduce the life cycle GHG emissions of the ethanol 
production process. Among the bioconversion technologies studied, an average 
of as much as 53% excess mass from lignin is available. With a carbon content of 
63% (Bohn et al. 1979), 59 kg C per Mg biomass is available as a potential source 
of C input. This becomes a GHG emission credit of 1220 kg CO2e per ha for 50% 
residue removal (Table 18), and 2197 kg CO2e per ha for 90% residue removal 
(Table 19). For the 50% removal, lignin here replaces ~63% of SOC lost from 
residue removal; this calculation assumes no oxidation of lignin to CO2. Instead 
of using lignin for electricity credits, modeling here shows that its possible use as 
a soil amendment does not substantially change the GHG intensity of cellulosic 
ethanol compared to other conversion scenarios; the magnitude of the electricity 
credit and SOC credit are roughly equal, but mutually exclusive. When neither 
electricity credit nor SOC credit from lignin is included in the LCA, the overall 
GHG emission intensity was 93 gCO2 MJ-1 at 50% removal, and 98 gCO2 MJ-1 at 
90% removal. 
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When emissions of CO2 from SOC are not included in the LCA, the GHG 
emissions were reduced by 108% and 104% relative to gasoline for 50% and 90% 
residue removals, respectively (Figure 14 & 16, Table 18 & 19). Similar values 
have been reported in previous studies which predicted no change in SOC 
associated with residue removal (Table 14). However, by incorporating a relative 
loss of 1 Mg C per hectare per year associated with residue removal (Table 1) into 
the LCA for 90% removal, the GHG intensity was only reduced by 38% 
compared to gasoline (Table 19). The average GHG intensity based on five years 
of change in SOC for the combination of field measurements and the different 
conversion technologies studied was 53 g CO2 MJ-1 (45% reduction compared to 
gasoline) for 50% removal, and 57 g CO2 MJ-1 (40% reduction compared to 
gasoline) for 90% removal. 
Federal law requires the life cycle GHG emissions from cellulosic ethanol 
to be reduced by at least 60% relative to gasoline to qualify as a renewable fuel, 
which corresponds to a GHG intensity of 38 g CO2 MJ-1. The LCA results 
presented here suggested that none of the residue removal practices and 
bioconversion technologies evaluated met the GHG emission standards specified 
in the EISA of 2007 (Figure 14 & 16).  
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Figure 13. GHG intensities for different cellulosic ethanol systems (5-yr SOC 
avg., 9-yr SOC avg., and 1-yr SOC avg., no electricity credit, no correction for 
SOC and with C input from lignin) including the production, collection, 
transport and biochemical conversion processes for simulated 50% residue 
removal. 
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Figure 14. GHG intensities for gasoline and different cellulosic ethanol systems 
(5-yr SOC avg., 9-yr SOC avg. and 1-yr SOC avg., no electricity credit, no 
correction for SOC and with C input from lignin) for simulated 50% residue 
removal. 
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Table 18. LCA of GHG emissions for different cellulosic ethanol systems (5-yr 
SOC avg., 9-yr SOC avg., and 1-yr SOC avg, no electricity credit, no correction 
for SOC and with C input from lignin) for simulated 50% residue removal. 
Conversion 
technologies 
No change 
in SOC 
9-yr 
SOC 
Avg 
5-yr    
SOC    
Avg 
*Lignin 
Return 
No 
electricity 
credit  
1-yr 
SOC 
Avg 
1Ethanol energy 
yield, GJ ha-1 yr-1 33 33 33 33 33 33 
Agricultural GHG EMISSIONS, kg CO2 Mg-1 yr-1    
2Soil CO2 emissions - 1563 1980 1980 1980 4184 
3Lignin CO2 credit - - - -1220 - - 
4Soil N2O emissions -147 -147 -147 -147 -147 -147 
5Soil CH4 emissions -47 -47 -47 -47 -47 -47 
6Crop production 
fossil fuel 530 530 530 530 530 530 
7Transport to 
refinery 448 448 448 448 448 448 
GHG EMISSIONS, gCO2 MJ-1 yr-1           
Soil CO2 emissions - 47 60 60 60 127 
Lignin CO2 credit - - - -37 - - 
Soil N2O emissions -4 -4 -4 -4 -4 -4 
Soil CH4 emissions -1 -1 -1 -1 -1 -1 
Crop production 
fossil fuel 16 16 16 16 16 16 
Transport to 
refinery 14 14 14 14 14 14 
Process chemicals 9 9 9 9 9 9 
Biorefinery 
electricity credits -41 -41 -41 - - -41 
Total -8 40 52 56 93 119 
gasoline 95 95 95 95 95 95 
CO2e reduction (%) 108 58 45 41 2 -26 
1. Estimated as the average ethanol energy yield from Table 16. 
2. Estimated based on modeling of CO2 fluxes from averages of first year, first five years, 
or nine years of previous eddy covariance flux data for continuous corn at Site 1. 
3. Estimated from Table 13.  
4. Estimated from IPCC based on 9 years (2001-2010) of grain yields at 15.5% moisture at 
Site 1. 
5. Measured from the field in 2011.  
84 
 
6. Estimated using BESS model based on biomass yield and removal level in 2010. 
7. Estimated from Kumar and Sokhansaj, 2007. 
*Lignin is estimated to contain 63% carbon by mass (Bohn et al. 1979). 
 
 
Figure 15. GHG intensities for different cellulosic ethanol systems (5-yr SOC 
avg., 9-yr SOC avg., and 1-yr SOC avg., no electricity credit, with and without 
correction for SOC and with C input from lignin) including the production, 
collection, transport and biochemical conversion processes for simulated 90% 
residue removal. 
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Figure 16. GHG intensities for gasoline and different cellulosic ethanol systems 
(5-yr SOC avg., 9-yr SOC avg., and 1-yr SOC avg., no electricity credit, with and 
without correction for SOC and with C input from lignin) for simulated 90% 
residue removal. 
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Table 19. LCA of GHG emissions for different cellulosic ethanol systems (5-yr 
SOC avg., 9-yr SOC avg., and 1-yr SOC avg., no electricity credit, with and 
without correction for SOC and C input from lignin) for simulated 90% residue 
removal. 
Conversion 
technologies 
No change 
in SOC 
9-yr 
SOC 
Avg 
5-yr 
SOC 
Avg 
*Literature 
SOC 
**Lignin 
Return 
No 
electricity 
credit  
1-yr 
SOC 
Avg 
1Ethanol energy 
yield, GJ ha-1 yr-1 59 59 59 59 59 59 59 
Agricultural GHG EMISSIONS, kg CO2 ha-1 yr-1 
2Soil CO2 emissions - 2813 3563 3667 3563 3563 7531
3Lignin CO2 credit - - - - -2197 - - 
4Soil N2O emissions -265 -265 -265 -265 -265 -265 -265 
5Soil CH4 emissions -47 -47 -47 -47 -47 -47 -47 
6Crop production 
fossil fuel 1170 1170 1170 1170 1170 1170 1170
7Transport to 
refinery 807 807 807 807 807 807 807 
GHG EMISSIONS, gCO2 MJ-1 yr-1 
Soil CO2 emissions - 47 60 62 60 60 127 
Lignin CO2 credit - - - - -37 - - 
Soil N2O emissions -4 -4 -4 -4 -4 -4 -4 
Soil CH4 emissions -1 -1 -1 -1 -1 -1 -1 
Crop production 
fossil fuel 20 20 20 20 20 20 20 
Transport to 
refinery 14 14 14 14 14 14 14 
Process chemicals 9 9 9 9 9 9 9 
Biorefinery 
electricity credits -41 -41 -41 -41 - - -41 
Total -3 44 57 58 61 98 124 
gasoline 95 95 95 95 95 95 95 
CO2e reduction (%) 104 54 40 38 36 -3 -30 
1. Estimated as the average ethanol energy yield from Table 16. 
2. Estimated based on modeling of CO2 fluxes from averages of first year, first five years, 
or nine years of previous eddy covariance flux data for continuous corn at Site 1. 
3. Estimated from Table 13.  
4. Estimated from IPCC based on 9 years (2001-2010) of grain yields at 15.5% moisture at 
Site 1. 
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5. Measured from the field in 2011.  
6. Estimated using BESS model based on biomass yield and removal level in 2011. 
7. Estimated from Kumar and Sokhansaj, 2007. 
*Literature SOC based on previous residue removal experiments is -1.00 Mg C ha-1 yr-1 
(Table 1). 
**Lignin is estimated to contain 63% carbon by mass (Bohn et al. 1979). 
 
 
3.4 Conclusion 
The decline of SOC associated with residue removal, and the subsequent release 
of CO2 emissions into the atmosphere raises environmental concerns for biofuel 
production using this biomass feedstock. In this study, the LCA methodology 
was used in conjunction with field-level micrometeorological mass and energy 
flux measurements to evaluate the GHG performance of cellulosic ethanol from 
corn residue as a fuel replacement for gasoline.  
The assessment results indicate that the modeled change of SOC for the 
90% residue removal (0.77 Mg C ha-1 yr-1) (Table 7) matched closely to the value 
of relative SOC loss reported from previous experiments (1.00 Mg C ha-1 yr-1) 
(Table 1) )—these are losses of < 2% of SOC per year in the top 30 cm. Over the 
nine year period, model prediction on average was 7% lower than the measured 
soil-derived CO2 flux using the eddy covariance tower (Figure 6). The average 
GHG intensity based on five years of change in SOC for the combination of field 
measurements and the different conversion technologies studied was 53 g CO2 
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MJ-1 (45% reduction compared to gasoline) for 50% removal, and 57 g CO2 MJ-1 
(40% reduction compared to gasoline) for 90% removal. The large overall GHG 
emission is mostly contributed by CO2 emissions from change in SOC associated 
with residue removal, an important metric which has often been excluded from 
previous studies due to either lack of data, not employing consequential LCA 
(e.g., relative change in SOC compared to a control), or not sufficiently 
understanding soil processes.  
Based on these results, none of the conversion technologies will meet the 
60% GHG emission reduction threshold required for cellulosic ethanol. This 
means that cellulosic ethanol from crop residue with current practices will not 
likely qualify as a renewable fuel both in California and under the federal 
Renewable Fuel Standard (RFS2), unless soil carbon is better managed by the 
addition of soil amendment (e.g. manure, biochar, and/or lignin applications 
would also increase costs) or other biomass feedstocks are developed. 
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